FT-IR spectral studies of titania calcined at 400ºC or 600ºC indicated the presence of four important absorption bands with maxima located at 1630, 2920, 3670 and 3740 cm -1 , respectively. These absorption bands have been ascribed to undissociated, coordinated water, hydrogen-bonded OH, acidic OH and basic OH groups, respectively. For vanadia/titania samples containing 6 wt% and 12 wt% V 2 O 5 calcined at 400ºC or 600ºC, the band at 1630 cm -1 still existed in the corresponding spectra whereas that at 2920 cm -1 disappeared, thereby indicating an interaction between the vanadia and the hydrogen-bonded OH groups.
INTRODUCTION
Metal oxides have long attracted attention since they are widely used and find many applications in several fields related to adsorptive refractories and catalysis (Mikhail et al. 1980; Pines and Csicery 1962; Amenomiya and Cvetanovic 1962; El-Nabarawy et al. 1988 ). The activity of single oxide catalysts may be ascribed to their high degrees of dispersion or the presence of irreversible lattice defects, and less often to the existence of modifications which are unstable thermodynamically. The activity of such metal oxides may be improved and their lifetimes as catalysts increased through the addition of suitable promoters, i.e. high-melting oxides that are not easily reduced. Thus, it has been shown that improved catalysts (Margolis 1963; Maatman et al. 1957; Davis et al. 1957) , refractories and adsorbents are frequently produced by mixing two or more metal oxides. The performance of such mixtures is greatly dependent on the nature of the individual oxides (Mostafa et al. 1991) , their respective ratios in the corresponding mixture (Vinek and Lercher 1980) , their *Author to whom all correspondence should be addressed. method of preparation (Fort and Nebesh 1968) and their thermal treatment (Youssef and Mostafa 1988) .
The surface properties of important metal oxides such as those of silicon, aluminium, titanium, iron, magnesium, nickel, beryllium, etc. have been studied extensively. Nevertheless, few of these investigations have been devoted to an elucidation of the adsorptive and catalytic characteristics of mixed oxide systems, with the exception of the silica-alumina system.
The crystal structure of a mixed oxide system is an important factor in determining its use in a given application (Youssef et al. 1992) , and the textural properties (the surface area and porosity) have been recognized as important parameters in determining the adsorption capacity (Mikhail et al. 1980 ) and the catalytic activity (Pope et al. 1975 ) of a mixed oxide catalyst. The surface chemistry of mixed oxide systems (i.e. defining the active site) is also considered to be an important parameter in determining the catalytic performance of a mixed oxide catalyst (Youssef et al. 1990) .
We have considered the structural properties of titania and vanadia/titania catalysts in the first paper in the present series (El-Nabarawy et al. 2001a) , while the corresponding textural properties (the surface area and porosity) were the subject of the second paper (El-Nabarawy et al. 2001b ). The present investigation deals with the surface acidity of titania and vanadia/titania catalysts and its dependence on chemical composition and thermal treatment.
EXPERIMENTAL

Materials
Titania gel T a was precipitated from an aqueous TiCl 4 solution using 35% NH 3 solution at a pH value of 3.0. Similarly, titania gel T b was precipitated via the same precipitant but at a pH value of 9.0. The calcination products T a -4 and T a -6 were obtained by thermal treatment of precipitated T a at temperatures of 400ºC and 600ºC, respectively. The corresponding calcination of T b at the same temperatures led to the formation of T b -4 and T b -6, respectively.
Loading with vanadia was achieved via the impregnation of T a or T b with NH 4 VO 3 solution, with further calcination again being performed at 400ºC or 600ºC. Catalysts containing 6 wt% and 12 wt% V 2 O 5 were obtained in this way. The resulting materials have been designated in terms of their V 2 O 5 content, titania support and calcination temperature. Thus, for example, V 6 T a -4 represents the catalyst containing 6 wt% V 2 O 5 supported on T a and calcined at 400ºC, while V 12 T b -6 stands for the catalyst containing 12 wt% V 2 O 5 supported on T b and calcined at 600ºC. Details of the method of preparation employed have been reported elsewhere (Sayed Ahmed 2000).
Techniques
The surface acidities of some titania and vanadia/titania catalysts were followed using FT-IR spectroscopy and the thermal programmed desorption (TPD) of chemisorbed pyridine. The FT-IR patterns were obtained via a Mattson 5000 FT-IR spectrophotometer employing the KBr disc method. TPD spectra were obtained via differential scanning calorimetry (DSC) using the differential scanning calorimetric unit of a 30H Shimadzu analyzer system.
RESULTS AND DISCUSSION
FT-IR spectral analysis
Vanadia/titania catalysts are coloured and hence an indicator method could not be employed for the determination of the amount of acid present nor the acid strength. For this reason, FT-IR spectroscopy was employed in the present studies to determine the type of acid sites on the surface of titania and some selected vanadia/titania catalysts. Figure 1 depicts the FT-IR spectra of T a -4, T a -6, T b -4 and T b -6, respectively, over the 1500-4000 cm -1 wavenumber range. Inspection of the figure indicates that all the samples studied exhibited well-developed absorption peaks with maxima located at 1630 cm -1 which has been ascribed to undissociated coordinated water (Morterra et al. 1979) , i.e. some water molecules which have been incorporated in the internal structure of the solid during calcination or sintering (Van Veen et al. 1985) .
Each sample of the four selected titanias also exhibited a well-developed peak at 2920 cm -1 . According to Busca et al. (1985) , this peak is characteristic of another type of hydroxy group. Each sample also exhibited two other absorption peaks at 3670 cm -1 and 3740 cm -1 , respectively, which according to Van Veen (1989) supports the view that the surface reactivity of TiO 2 is not homogeneous being associated with two types of OH group. Those causing the absorption peak at 3740 cm -1 exhibit a basic character whilst those related to the absorption peak at 3670 cm -1 correspond to sites where the adsorption of acid-sensitive molecules occurs. Despite these various interpretations however, discrepancies still exist concerning the interpretation of OH groups located at the surface of titania and other acidic solids such as silica and alumina. It seems that the measured acidity of the hydroxy group is dependent on the probe molecule and the method employed for examining the surface. This behaviour may explain the various discrepancies observed regarding the acidity of such surfaces (Montagne et al. 1985) .
The FT-IR spectra of two selected vanadia/titania catalysts, i.e. V 6 T b -6 and V 12 T b -6, are depicted in Figure 2 . The data depicted predict that the band relating to undissociated coordinated water still exists at 1630 cm -1 , whereas the band at 2920 cm -1 (ascribed to hydrogen-bonded OH in titania) no longer exists. It appears, therefore, that some type of interaction occurred between vanadia and this particular type of OH group, leading to the disappearance of the 2920 cm -1 band from the corresponding spectra. However, a new band appeared in the spectral range 3400-3590 cm -1 , which apart from enabling the assignment of groups with absorption characteristics in this region of the spectrum is also capable of being completely reproduced during any dehydration/rehydration cycle. The bands at 3670 cm -1 and 3740 cm -1 observed in the spectra of the pure titania samples and ascribed to acidic OH and basic OH groups, respectively, were also present in the spectra of the mixed vanadia/titania samples, although being somewhat less developed. Figure 3 shows the FT-IR spectra obtained over the 1100-1900 cm -1 spectral range when pyridine (py) was adsorbed on samples T b -6, V 6 T b -6 and V 12 T b -6, respectively. The band observed at 1420 cm -1 for T b -6 has been ascribed to Lewis acid adsorption (Akbas 1995) and is displaced to lower wavenumbers in the spectra of V 6 T b -6 and V 12 T b -6. However, this shift is associated with an increase in the band intensity which may be due to an increase in the concentration of Lewis acid sites (L) present and hence to increased py adsorption on the same to form Lpy species. Sample T b -6 also exhibited an absorption band at 1540 cm -1 ascribed to pyridine adsorption on Brönsted sites (B) to form Bpy species (Miyata et al. 1988 ). The spectra depicted in Figure 3 demonstrate that pyridine adsorption on Lewis acid sites and Brönsted sites was more pronounced on the vanadia/ titania catalysts studied relative to the pure titania support. It will also be noted that the band at 1540 cm -1 was also slightly shifted to lower wavenumbers in the spectra of vanadia/titania catalysts subjected to pyridine adsorption. Similarly, the band exhibited in the spectrum of T b -6 at 1630 cm -1 , previously ascribed to the presence of undissociated water in the sample, was well developed in the presence of pyridine but exhibited a decrease in both area and intensity in the corresponding spectra of V 6 T b -6 and V 12 T b -6, apparently related to the vanadia content of the solids concerned.
Temperature programmed desorption (TPD) studies
The above IR data can hardly be called decisive as far as the surface chemistry of the titania and vanadia/titania catalysts studied are concerned. For this reason, the application of a complementary method was necessary to provide supporting evidence regarding the interpretations advanced above. The technique of temperature programmed desorption (TPD) was chosen for this purpose, again using pyridine as the probe molecule for the determination of acidity.
The TPD patterns for pyridine adsorbed on to T a -4, T a -6, T b -4 and T b -6 are depicted in Figure 4 . Each sample examined exhibited three bands which, although not sharp, exhibited shoulders indicating desorption over certain temperature ranges. Thus, as shown in the figure, the lowtemperature band was located in the temperature range 267-288ºC, the intermediate-temperature band in the range 335-370ºC and the higher-temperature band in the range 480-510ºC. Sample T a -4 exhibited the highest extent of heat flow and sample T b -6 the least. The height of the band provided a measure of the number of pyridine adsorption sites (i.e. the acid amount) while its location was a measure of the strength of pyridine adsorption (i.e. the acid strength). On this basis the trend in the amount of acidity was T a -4 > T a -6 > T b -4 > T b -6. Figure 5 shows the TPD patterns for samples V 6 T a -4 and V 12 T a -4, with that for T a -4 included for comparative purposes. It is evident from the figure that the amount of acidity and the acid strength increased when titania was impregnated with V 2 O 5 and that this increase depended on the amount of V 2 O 5 employed. Thus the first band of the T a -4 pattern was shifted from a temperature of 267.5ºC to 285.5ºC for V 6 T a -4 and to 290ºC for V 12 T a -4. The intermediate band showed the greatest shift, from 332.5ºC for T a -4 to 375ºC for both V 6 T a -4 and V 12 T a -4, while the higher-temperature band shifted from 492.5ºC for T a -4 to a value of 510ºC for both V 6 T a -4 and V 12 T a -4. Similar TPD patterns for pyridine desorption were exhibited by samples T b -4, V 6 T b -4 and V 12 T b -4, respectively, as did those for all the catalysts calcined at 600ºC (see Figures 6 and 7) . Hence, both the amount and strength of the acid sites present in all the samples studied increased as the amount of vanadia present increased. The number of desorption bands observed in the TPD patterns and their location appear to depend on the mode and strength of interaction between pyridine and the sorption sites on the sample surfaces. In addition to being capable of interaction with Brönsted and Lewis acid sites, pyridine can also undergo hydrogen bonding, i.e. a strong type of dipole-dipole interaction, where a hydrogen atom serves as a bridge between two electronegative nitrogen atoms, with one nitrogen atom being involved in a covalent bond while the second is held by purely electrostatic forces. This type of hydrogen-bond interaction exhibits a strength of only ca. 21 kJ/mol and is thus much weaker than a covalent bond. It produces an exothermic base desorption effect in differential scanning calorimetry (DSC) over the low-temperature region and thus corresponds to the low-temperature band observed in the patterns depicted in Figures 4 to 7.
Base desorption from Lewis and Brönsted acid sites also leads to exothermic effects in the intermediate-and higher-temperature regions, respectively, of DSC thermograms. Thus, the intermediate-temperature bands depicted in Figures 4-7 may be attributed to pyridine desorption from Lewis acid sites, while those shown at the highest temperatures may be attributed to desorption from Brönsted acid sites. Desorption of pyridine from the three types of site mentioned above appears to be a continuous process, with no sharp boundaries being detected between them. This is probably due to the type of non-isothermal desorption studied in the present investigation. It also appears that a proportion of the pyridine sorbed on to Brönsted sites, in particular, remains even after thermal treatment at temperatures of ca. 500ºC, with either a further increase in temperature or prolonged exposure of the sample to 500ºC being necessary to remove the adsorbed material. Mikhail et al. (1980) have shown that the adsorption of benzene on to an alumina surface involves two orientation modes for the adsorbing molecule, viz. a flat orientation which occurs in mesopores and a vertical orientation occurring in micropores. Since the pyridine molecule has a similar configuration to the benzene molecule, it would also be expected to exist in a vertical and flat orientation when adsorbed on to a titania or a vanadia/titania surface, with the type of orientation depending on the location of the adsorption sites (Aboul-Gheit 1988). Thus, a vertical orientation of the adsorbed pyridine molecule might be expected in situations where the nitrogen atom of the pyridine molecule donates its lone pair of electrons into the outer orbital of a charged metal ion M (i.e. Lewis acid site), where M corresponds to Ti 4+ or V 5+ , to form a covalent bond. In addition, when the pyridine molecule assumes a flat orientation, the p-electrons in the aromatic ring may contribute to an additional binding force with the metal ion besides those generated by electron donation between the nitrogen atom of pyridine and the metal ion, leading to a strengthening of the adsorption forces. Such a situation could be associated with pyridine adsorption on Lewis acid sites to form Lpy (see Scheme 1).
Scheme 1. Pyridine adsorbed on to Lewis acid sites.
In contrast, pyridine is bonded to Brönsted acid sites via the pyridinium ion. This process is facilitated by the vertical orientation of the pyridine molecule according to Scheme 2. Scheme 2. Pyridine adsorbed on to Brönsted acid sites.
Various workers (Parry 1963; Parker et al. 1985; Pichat et al. 1969) have employed the IR spectra of pyridine adsorbed on solid materials to distinguish between Brönsted and Lewis acid sites through successive heating to higher temperatures followed by IR measurements. These investigators found that Lewis acid sites retain larger numbers of adsorbed pyridine molecules than Brönsted acid sites.
CONCLUSIONS
The most important IR bands of titania are located at 1630, 2920, 3670 and 3740 cm -1 . These bands may be ascribed to coordinated water, hydrogen-bonded OH groups, acidic OH groups and basic OH groups, respectively. When supported on titania, vanadia interacts with the hydrogenbonded OH groups thereby causing the disappearance of the 2920 cm -1 band. The amount of acid groups present and their strength increase with increasing vanadia content.
Pyridine adsorbs on Lewis and Brönsted acid sites and can also undergo hydrogen bonding. Temperature programmed desorption studies showed the existence of three temperature regions in the corresponding patterns of samples exposed to pyridine adsorption, the lowest temperature region being ascribed to desorption of hydrogen-bonded pyridine. Desorption from the Lewis acid sites occurs at intermediate temperatures while that from Brönsted sites occurs within the highest temperature region.
